Abstract. The stiffness of the arteries is known to be an indicator of the progression of various cardiovascular diseases. Clinically, the pulse wave velocity (PWV) is used as a surrogate for the arterial stiffness. Pulse Wave Imaging (PWI) is a non-invasive, ultrasound-based imaging technique capable of mapping the motion of the vessel walls allowing local assessment of the arterial properties. Conventionally, a distinctive feature of the displacement wave (e.g. the 50% upstroke) is tracked across the map to estimate the PWV. However, the presence of reflections, such as those generated at the carotid bifurcation, can bias the PWV estimation. In this paper, we propose a two-step cross-correlation based methods to characterize arteries using the information available in the PWI spatio-temporal map. First, the area under the cross-correlation curve is proposed as an index to locate regions of different properties. Second, a local peak of the cross-correlation function is tracked to obtain a less biased estimate of PWV. Three series of experiments were conducted in phantoms to evaluate the capabilities of the proposed method and compare it against the conventional method. In the ideal case of a homogeneous phantom, the two methods performed similarly and estimated correctly the PWV. In the presence of reflections, the proposed method provided a more accurate estimate than the conventional processing: e.g for the soft phantom, biases of −0.27 and −0.71 m · s −1 were observed. In a third series of experiments, the correlation-based method was able to locate, with an error smaller than 1 mm, two regions of different properties. It also provided more accurate PWV estimates than the conventional processing (biases: −0.12 vs −0.26 m · s −1 ). Finally, in vivo feasibility of the proposed method was demonstrated in eleven healthy subjects. The results indicated that the correlation-based method might be less precise in vivo but more accurate than the conventional method.
A c c e p t e d M a n u s c r i p t shown in hypertensive patients compared to healthy subjects (Reneman et al. 2005 ).
17
Several research teams are developing non-invasive ultrasound methods to locally assess 18 the properties of the arteries using shear-wave imaging (Couade et al. 2010 ), acoustic 19 radiation force impulse imaging (Behler et al. 2008) and Pulse Wave Imaging (PWI).
20
The PWI method is based on a motion tracking algorithm 21 to measure the displacements of the vessel walls in order to map the propagation of 
37
In this paper, we present an alternative method, based on the cross-correlation principle, 38 to address the aforementioned limitations at a lower computational cost. First, the 39 proposed cross-correlation based method is described. The capabilities of the proposed 40 technique are evaluated in phantoms. Finally, in vivo feasibility is tested.
41
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Materials and Methods

42
Rationale for the use of cross-correlation characterization
43
The cross-correlation is an operation that quantifies the similarity between two signals, 44 f (t) and g(t), as a function of the delay of one relatively to the other, t Corr . It is defined 45 mathematically as follows
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Cross-correlation analysis of pulse wave propagation in arteries: in vitro validation and in vivo feasibility5 Figure 2 . Three experimental configurations investigated on a phantom with two parts of different scatterer concentration and stiffnesses: a) ideal conditions: an homogeneous part (either soft or stiff) was imaged with little influence from the reflection at the outlet fitting (light blue arrow) by emitting a wave (dark blue arrow) on the side close to the probe, b) an homogeneous part (either soft or stiff) was imaged with strong influence from the reflection, c) the transition between the soft and the stiff parts was imaged with emission on each side successively.
ranging from 0 to 150 mm, in steps of 10 mm, the diameter of the phantom lumen was 97 measured on ultrasound images with a semi-automated segmentation software. The 98 segmentation algorithm detects the sharp transition between the lumen (containing no 99 scatterers) and the phantom walls (containing a lot of scatterers). Within this pressure 100 range, the relationship between the radius, r, and the pressure, P , was considered linear:
102 k pr was estimated by a linear fit of the measurements. k p , the vessel compliance, was 103 then calculated as follows (Reneman et al. 1986 )
105
The gold standard for PWV, P W V true , was then computed from k p using the Bramwell-
106
Hill equation (Bramwell & Hill 1922) : soft one or the stiff) were averaged (mean value and standard deviation were calculated).
112
The stiff part of the phantom was found to be approximately twice less compliant than A c c e p t e d M a n u s c r i p t
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testing reflect the inhomogeneity of the phantom as well as errors in the estimation of 117 the cross-section area. pulse was emitted on the opposite side. In this case, the measurements were strongly 129 affected due to the proximity to the reflection site (i.e., the outlet fitting on the left).
130
In configuration c (figure 2 (c)), the transition between the soft part and the stiff part The common right carotid of eleven healthy subjects was imaged with the ultrasound 152 system described in the next section for two different studies. These two studies were has been received from every subject.
155
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The first study was conducted with five subjects aged 22 to 32 years old (25. The second study was conducted with six subjects to investigate the influence of the this array cover a field of view of 37.6 mm.
186
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Cross-correlation analysis of pulse wave propagation in arteries: in vitro validation and in vivo feasibility8 The purpose of the method presented in this paper is to make better use of the infor-222 mation available in the spatio-temporal map. 24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In this application, due to the shape and speed of the pulse wave, the forward and re-256 flected waves are mixed and the different packets of the correlation maps tend to merge. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
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318
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Cross-correlation analysis of pulse wave propagation in arteries: in vitro validation and in vivo feasibility12 For the experiments of configuration c, we can first notice that both methods
328
perform similarly for the transition soft to stiff compared to the transition stiff to soft 329 (figure 9). The soft to stiff and stiff to soft results can then be combined for analysis.
330
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Cross-correlation analysis of pulse wave propagation in arteries: in vitro validation and in vivo feasibility14 (stiff) Figure 9 . Differences between the PWV estimated by conventional processing with the gold standard, static testing method (a) and the PWV estimated by correlationbased processing with the same gold standard (b). The dark squares (resp. light crosses) depict the estimates obtained from the 10 experiments on the soft to stiff transition (resp. the stiff to soft transition) of an heterogeneous phantom (configuration c).
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Discussion
369
In order to employ more of the information on the pulse wave propagation available 370 from PWI, a new method based on the correlation study of the spatio-temporal map 371 was validated in phantoms and feasibility was tested in vivo.
373
The first part of the proposed method, the calculation of the AUC index, helps to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
Cross-correlation analysis of pulse wave propagation in arteries: in vitro validation and in vivo feasibility17
properties.
382
This simple calculation provides additional information that could benefit other 
394
Under ideal conditions (configuration a), even though the two methods provided 395 similar estimates (figure 7), the biases were higher for the stiff part than for the soft 396 part. We hypothesize that this is due to the presence of reflections at the transition,
397
these reflections being more present in the stiff part because of the higher speed of 398 propagation.
399
When imaging the transition between the soft and stiff parts of the phantom (con- In vivo feasibility was shown in 11 healthy subjects.
409
In a first study with five patients, the constant AUC index indicated that the 410 observed vessels were homogeneous. Considering that the subjects have normal arteries at the bifurcation). This observation is consistent with the results of the phantom study.
422
Indeed, in this situation, due to the proximity with the bifurcation, the reflected waves
423
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are more significant and the conventional processing was found to underestimate the 424 PWV in presence of strong reflections. In addition, the observed bias was found to 425 decrease, though non-significantly when moving away from the bifurcation. Therefore,
426
we can conclude that the correlation-based method can provide a less biased estimation 427 of the PWV in vivo. several successive acquisitions is mandatory to get a reliable PWV estimate.
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